
Environmental Health Perspectives  •  volume 121 | number 6 | June 2013	 691

ResearchAll EHP content is accessible to individuals with disabilities. A fully accessible (Section 508–compliant) 
HTML version of this article is available at http://dx.doi.org/10.1289/ehp.1206004. 

On 20 March 2010, Eyjafjallajökull, a volcano 
in Iceland, erupted for the first time in 
190 years; this eruption was from a vent on the 
volcano’s flank (Swindles et al. 2011). A sec­
ond and larger eruption occurred on 14 April 
from the summit; this eruption continued until 
late May 2011 (Sigmundsson et al. 2010). An 
interaction between ash and magma led to large 
volumes of finely comminuted ash entering 
the atmosphere (Gudmundsson 2011). The 
eruption plume was approximately 6 miles 
high, leading to significant ash dispersal to 
both Iceland and parts of Europe (Gislason 
et al. 2011). The average ash concentration in 
the cloud that reached Europe has been calcu­
lated at 10–35 mg/m3, with peak ambient air 
concentrations of particulate matter as high 
as 13 mg/m3 (Gudmundsson et  al. 2012). 
Even after the eruption ceased, ambient air 
concentrations of ash were close to 1 mg/m3 
(Thorsteinsson 2012). During the initial explo­
sive phase on 14–16 April, approximately 
35% of particles were < 30 mm in diameter 
(Gudmundsson et al. 2012). Ash collected 
immediately after the eruption contained up to 
25% respirable particles (< 10 mm in diameter) 
(Gudmundsson 2011). In addition to particles, 
the gaseous component from eruptions can 
include sulfur dioxide and other species that 
may harm humans who are in proximity to the 
eruption (Schmidt et al. 2011). 

Although volcanic eruptions are a fairly 
rare event, there is significant data support­
ing the adverse health effects of respirable 
particles. Lave and Seskin (1972) linked air 
pollution and premature mortality. This asso­
ciation has been confirmed in subsequent 
studies (Dockery et al. 1993; Elliott et al. 
2007; Samet et al. 2000; Spix et al. 1993). 
Volcanic eruptions—because of the signifi­
cant particle burden in the atmosphere—have 
adverse effects on human health, including 
bronchitis, asthma exacerbations, and respira­
tory symptoms leading to hospital admissions 
(Baxter 1983; Baxter et al. 1981). 

During the 1980 Mount St. Helens erup­
tion in Washington State (USA), several 
people died from asphyxia by volcanic ash 
and from thermal burns with airway injury 
(Bernstein et al. 1986). Subsequent studies 
examined the subacute and chronic effects 
of the eruption. Although asthma exacer­
bations, upper respiratory infections, otitis, 
and bronchitis were documented (Bernstein 
et al. 1986), some studies found only limited 
risk of lung infections (Martin et al. 1986). 
Regarding the Icelandic eruption, Carlsen 
et al. (2012) reported that Icelanders exposed 
to Eyjafjallajökull volcanic ash had increased 
prevalence of respiratory symptoms, specifi­
cally asthma and chronic bronchitis, com­
pared with a control population in northern 

Iceland. Although other studies have shown 
that exposure to volcanic ash increases the risk 
of developing respiratory infections (Convit 
et al. 2006; Gudmundsson 2011; Naumova 
et al. 2007), there are limited data on the 
cellular mechanisms involved in this increased 
lung infection risk. Because airway infections 
are the result of impaired innate immune 
mechanisms, we hypothesized that volcanic 
ash impairs innate immune mechanisms, spe­
cifically the function of macrophages and anti­
microbial peptides. 

Materials and Methods
Volcanic ash collection and characterization. 
Three batches of ash were collected shortly 
after the Eyjafjallajökull eruption in 2010. 
Ash A was collected by rescue team member 
B. Hardottir on 5 May 2010 at Vik village, 
about 38 km from the source, and sent to the 
Institute of Earth Sciences University of Iceland 
(Reykjavik, Iceland) for measurement of flu­
orine and grain size. Ash B was collected by 
S. Gislason, geologist at the Institute of Earth 
Sciences, on 15 April 2010; this sample was 
collected about 58 km from the source as ash 
fell. Ash C was collected on 3 May 2010 about 
64 km from the source by P. Eggertsson, a 
farmer at Hraungerdi, and sent to the institute 
for measurement of fluorine and grain size. All 
experiments (including the sieved experiments) 
were performed using batch B. We used all 
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Background: On 20 March 2010, the Icelandic volcano Eyjafjallajökull erupted for the first time 
in 190 years. Despite many epidemiological reports showing effects of volcanic ash on the respira-
tory system, there are limited data evaluating cellular mechanisms involved in the response to ash. 
Epidemiological studies have observed an increase in respiratory infections in subjects and popula-
tions exposed to volcanic eruptions. 

Methods: We physicochemically characterized volcanic ash, finding various sizes of particles, 
as well as the presence of several transition metals, including iron. We examined the effect of 
Eyjafjallajökull ash on primary rat alveolar epithelial cells and human airway epithelial cells 
(20–100 µg/cm2), primary rat and human alveolar macrophages (5–20 µg/cm2), and Pseudomonas 
aeruginosa (PAO1) growth (3 µg/104 bacteria). 

Results: Volcanic ash had minimal effect on alveolar and airway epithelial cell integrity. In alveolar 
macrophages, volcanic ash disrupted pathogen-killing and inflammatory responses. In in vitro bac-
terial growth models, volcanic ash increased bacterial replication and decreased bacterial killing by 
antimicrobial peptides.

Conclusions: These results provide potential biological plausibility for epidemiological data that 
show an association between air pollution exposure and the development of respiratory infections. 
These data suggest that volcanic ash exposure, while not seriously compromising lung cell function, 
may be able to impair innate immunity responses in exposed individuals. 
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three batches in the Western analyses of alveolar 
macrophages (autophagy markers and MAP 
kinases). In the other experiments, preliminary 
experiments showed similar responses in all 
three batches of ash. Therefore, we used ash B 
for most of the experiments because a larger 
amount was available. 

Volcanic ash was characterized by scan­
ning electron microscopy (SEM), X‑ray 
photoelectron spectroscopy (XPS), and 
inductively coupled plasma mass spectrom­
etry (ICP-MS) [see Supplemental Material, 
Figure  S1 and Tables  S1 and  S2 (http://
dx.doi.org/10.1289/ehp.1206004)].

ICP-MS. Samples were analyzed for 
elemental concentrations using a Thermo 
X-Series II quadrupole ICP-MS instrument 
(Thermo Fisher Scientific Inc., Waltham, MA, 
USA), following the methods of Peate et al. 
(2010). Ash samples were dissolved using a 
standard hydrofluoric acid (HF)–nitric acid 
(HNO3) digestion method. 

Leaching experiments were carried out in 
0.001 M ultrapure HNO3 using an ash to 
acid ratio of 1:25 (0.1 g ash to 2.5 mL water/
acid), following the recommendations of 
Witham et al. (2005). The ash–leach mix­
tures were agitated by shaking for 90 min 
in a sealed polyethylene bottle in an ultra­
sonic bath. Leachates were filtered through 
a 0.45‑µm cellulose acetate Millipore filter 
(Millipore Corporation, Billerica, MA, USA) 
prior to analysis. Data were corrected for 
blanks and instrumental drift and calibrated 
relative to a series of multielement solutions 
(1  ppb, 10  ppb, and 50  ppb) gravimetri­
cally prepared using ultrapure Milli-Q water 
from a 1,000‑ppm stock solution (Inorganic 
Ventures). We assessed accuracy by comparing 
analyses of two natural water standard refer­
ence materials [NIST 1640a (trace elements in 
natural water; National Institute of Standards 
and Technology, Gaithersburg, MD, USA) 
and SLRS-5 (river water reference material for 
trace metals; National Research Council of 
Canada, Ottawa, Ontario, Canada)] analyzed 
as unknown samples with their certified values. 
Final leaching data are presented as elemental 
concentrations in milligrams per kilogram of 
ash. The complete ICP-MS data set, includ­
ing standards, is provided in Supplemental 
Material, Tables S1 and S2 (http://dx.doi.
org/10.1289/ehp.1206004).

XPS. We used a custom-designed Kratos 
Axis Ultra XPS system (Kratos Analytical, 
Chestnut Ridge, NY, USA) as previously 
described by Baltrusaitis et al. (2007). Briefly, 
high-resolution spectra were acquired in the 
region of interest using the experimental 
parameters as described by Amornpitoksuk 
et al. (2012). Samples containing particles 
were mounted on indium foil. We used 
CasaXPS software (Casa Software Ltd.; http://
www.casaxps.com/) to process the XPS data. 

We subtracted a Shirley-type background 
from each spectrum to account for inelasti­
cally scattered electrons that could contribute 
to the background (Baltrusaitis et al. 2011). 
Transmission-corrected relative sensitivity fac­
tor values from the Kratos library (http://www.
casaxps.com/kratos/) were used for elemental 
quantification in CasaXPS.

Particle preparation for in vitro experi-
ments. For in vitro experiments, sieved ash 
(20 µM) from the Eyjafjallajökull eruption 
was suspended in the appropriate cell culture 
media plus dipalmitoylphosphatidylcholine 
(10 µg/mL). Particle suspensions were soni­
cated for 20  sec immediately before being 
added to cell cultures. In some cases, alumi­
num oxide (Al2O3) particles were also used 
for cell exposures and were prepared in the 
same manner. 

Cell models. Cells used in these experi­
ments included primary human and rat 
alveolar macrophages, primary rat alveolar 
epithelial cells, and primary human airway 
epithelial cells. All procedures and protocols 
complied with applicable U.S. and/or inter­
national regulations (including institutional 
review board approval). All human partici­
pants gave written informed consent prior to 
the study. All animals were treated humanely 
and with regard for alleviation of suffering. 

Human alveolar macrophages were 
obtained from recruited healthy nonsmoking 
subjects (age 20–40, equally divided between 
males and females). Bronchoalveolar lavage 
(BAL) was performed by instilling 20 mL of 
normal saline into a tertiary bronchus up to 
five times in three different lung segments. 
Slides were microscopically examined to 
ensure that > 95% of the cells were macro­
phages (Monick et al. 2006, 2008, 2010). 

Human airway epithelial cells were 
obtained from the University of Iowa cell cul­
ture core and were seeded as described previ­
ously by Karp et al. (2002).

Rat alveolar macrophages were isolated 
from pathogen-free male Sprague-Dawley rats 
(Harlan Laboratories, Madison, WI, USA) 
weighing 200–225 g. Animals were housed 
under standard conditions (50% humidity 
and 12‑hr dark/light cycle) at the University of 
Iowa animal facility. Fresh water and food was 
available ad libitum. The alveolar macrophages 
were isolated and purified by differential 
adherence to IgG-coated dishes. BAL fluid 
was spun and cell pellet was resuspended in 
antibiotic-free Dulbecco’s modified Eagle’s 
medium (DMEM) containing 10% fetal bovine 
serum (FBS). Cells were plated and allowed to 
adhere for 1 hr before experiments began. 

Primary rat alveolar type II epithelial cells 
were isolated from male Sprague-Dawley rats 
as previously described (Dobbs et al. 1986). 
Briefly, the lungs were perfused via the pul­
monary artery, lavaged, and digested with 

elastase (30 U/mL; Worthington Biochemical, 
Lakewood, NJ, USA) for 20 min at 37°C. 
The ATII cells were purified by differential 
adherence to IgG-coated dishes. We assessed 
number and viability of alveolar epithelial cells 
by trypan blue exclusion. 

Culture conditions. Macrophages were 
cultured at 1 million/mL in standard tissue 
culture flasks (60  mM and 100  mM) in 
RPMI  1640 medium with gentamycin. 
Epithelial cells were plated in DMEM 
containing 10% FBS, 2 mM l‑glutamine, 
100 U/mL penicillin, 100 µg/mL strepto­
mycin, and 2.5 µg/mL amphotericin. Human 
airway epithelial cells and rat alveolar epithelial 
cells were placed on filters in order to develop 
cell polarity. Experiments were performed 
3 days after isolation.

Volcanic ash particle concentrations. All 
macrophages and epithelial cells were exposed 
to particles as a function of surface area 
(micrograms per square centimeter). Bacterial 
exposure was standardized to micrograms of 
ash particles per number of bacteria [micro­
grams per 104 Pseudomonas aeruginosa (PAO1; 
obtained from J. Zabner, University of Iowa, 
Iowa City, IA, USA)].

Scanning electron microscopy (SEM). 
Isolated rat or human macrophages exposed to 
volcanic ash for 2 hr were fixed overnight with 
2.5% glutaraldehyde (Sabatini et al. 1963) in 
0.1 M cacodylate buffer. After standard pro­
cessing, the samples were mounted onto stubs 
and sputter-coated with a gold-palladium mix­
ture (Karnovsky 1971; Monick et al. 2010). 
Imaging was performed with a Hitachi S-4800 
field emission scanning electron microscope 
(Hitachi High Technologies America Inc., 
Schaumberg, IL). 

Transmission electron microscopy (TEM) 
and scanning transmission electron micros-
copy (STEM)/high-angle annular dark field 
(HAADF). TEM and energy-dispersive 
spectroscopy (EDS) were performed using a 
JEOL 2100F transmission electron micro­
scope (JEOL, Peabody, MA, USA) operating 
in scanning mode (STEM) equipped with a 
Gatan HAADF detector (Gatan, Pleasanton, 
CA, USA) and a Thermo EDS detec­
tor (Thermo, West Palm Beach, FL, USA). 
We used 200 kV accelerating voltage and a 
0.7‑nm probe in all experiments. Tissue sec­
tions (90 nm) were cut using a microtome 
equipped with a diamond knife.

Western blot analysis. We used the fol­
lowing antibodies for Western blot analy­
sis: LC3 (autophagy marker light chain 3; 
catalog no.  2775), ubiquitin (catalog 
no. 3936), phosphorylated (phospho)‑ERK 
(extracellular signal-regulated kinase; cata­
log no.  9101), and phospho‑p38 (catalog 
no. 9215) from Cell Signaling Technology 
Inc. (Danvers, MA, USA); phospho‑JNK 
(c-Jun N-terminal kinase; catalog no. 559309) 
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from EMD Millipore (Billerica, MA, USA); 
and β‑actin (catalog no.  ab8226) from 
Abcam (Cambridge, MA). Whole-cell pro­
tein was obtained by lysing the cells on ice 
for 20 min in 200 μL of lysis buffer (0.05 M 
Tris, pH 7.4, 0.15 M NaCl, 1% NP-40), with 
added protease and phosphatase inhibitors 
[1 protease minitab (Roche Biochemicals, 
Indianapolis ,  IN, USA)/10  mL, and 
100 µL 100× phosphatase inhibitor cocktail 
(Calbiochem, La Jolla, CA, USA)/10 mL]. 
The lysates were sonicated for 20 sec, kept 
at 4°C for 30 min, spun at 15,000 × g for 
10 min, and the supernatant saved. Protein 
determinations were made using the Bradford 
Protein assay from Bio-Rad (Hercules, CA, 
USA). Cell lysates were stored at –70°C until 
use. For Western analysis, protein samples 
(30 µg whole-cell proteins) were mixed 1:1 
with 2× sample buffer (20% glycerol, 4% 
SDS, 10% β-mercaptoethanol, 0.05% bromo­
phenol blue, and 1.25 M Tris, pH 6.8; all 
from Sigma Chemical Co., St. Louis, MO, 
USA), heated to 95°C for 5 min, loaded onto 
a 10% SDS-PAGE gel, and run at 100 V 
for 90 min. Cell proteins were transferred to 
polyvinylidene fluoride (PVDF; Bio-Rad) by 
semi-dry transfer (BioRad). Equal loading of 
the protein groups on the blots was evalu­
ated using Ponceaus S, designed for staining 
proteins on PVDF membranes or by strip­
ping and reprobing with antibodies to β‑actin. 
The PVDF was dried and incubated overnight 
with primary antibody in 5% milk. The blots 
were washed 4 times with TTBS and incu­
bated for 1 hr with horseradish-peroxidase 
conjugated anti-rabbit or anti-mouse IgG. 
Immunoreactive bands were developed using 
a chemiluminescent substrate (ECL Plus, 
Amersham, Arlington Heights, IL, USA). 
Autoradiographs were developed for 10 sec 
to 2 min.

Quantitative real-time reverse-transcrip-
tase polymerase chain reaction (qRT‑PCR) 
for TNFα. RNA was isolated from human 
alveolar macrophages using reagents from the 
MirVana kit (Applied Biosystems, Austin, 
TX, USA) according to the manufacturer’s 
instructions. RNA quality and quantity 
were assessed with an Experion Automated 
Electrophoresis System (Bio-Rad) according 
to the manufacturer’s protocol. RNA qual­
ity was considered adequate for use if the 
28S/18S ratio was > 1.2 and the RNA qual­
ity indicator was > 7. Total RNA (1 μg) was 
reverse-transcribed to cDNA using the iScript 
cDNA Synthesis Kit (Bio-Rad) following the 
manufacturer’s instructions. PCR reactions 
used 2 μL cDNA and 48 μL master mix, con­
taining iQ SYBR Green Supermix (Bio-Rad), 
15 pmol of forward primer, and 15 pmol 
of reverse primer, and were performed in a 
CFX96 Real-Time PCR Detection System 
(Bio-Rad) as follows: 3 min at 95°C, followed 

by 40 cycles of 10 sec at 95°C and 30 sec at 
55°C. The fluorescence signal generated with 
SYBR Green I DNA dye was measured during 
annealing steps. Specificity of the amplification 
was confirmed using a melting curve analy­
sis. Data were collected and recorded by CFX 
Manager Software (Bio-Rad) and expressed as 
a function of threshold cycle (CT). The relative 
quantity of the TNFα mRNA was normal­
ized to the relative quantity of hypoxanthine 
phosphoribosyltransferase (HPRT), and the 
sample mRNA abundance was calculated by 
the 2–ΔΔCT method. Gene-specific primers 
were custom-synthesized and purchased from 
Integrated DNA Technologies (Iowa City, 
IA, USA) based on design using gene-specific 
nucleotide sequences from the National Center 
for Biotechnology Information sequence data­
bases (TNFα primers: forward, aggacaccatgag­
cactgaaagca; reverse, ttgagggtttgctacaacatgggc). 

Cell death measurements. We evaluated 
cell death using propidium iodide (10 µg/mL  
phosphate-buffered saline) or trypan blue exclu­
sion (Reisetter et al. 2011). Images were ana­
lyzed using ImageJ software (Rasband 2008). 

Transepithelial electrical conductance (Gt) 
measurement. We measured transepithelial 
electrical resistance in both rat and human 
cells using the Millicell Electrical Resistance 
System (Millipore Corporation, Bedford, MA, 
USA); Gt was calculated as its reciprocal. 

Bacterial growth assays. PAO1 was grown 
overnight in M9 media (1 × M9 salts, 2.2 mM 
glucose, 0.002 M magnesium sulfate, 0.001 M 
calcium chloride, and 25 mM sodium succi­
nate) and then exposed to 10 µg/mL iron(III) 
chloride [FeCl3; a soluble source of iron (Fe)], 
Al2O3 (10 µg/mL) to control for particle effects, 
or volcanic ash (10 µg/mL) for 9 hr at 37°C. We 
measured optical density at 600 nm (OD600), 
adjusting for particle absorbance effects, and 
recorded growth over the 9‑hr period. Data 
were compared for all parameters of the growth 
curve by the extra-sum-of-squares F-test. 

Macrophage bacterial killing assay. Isolated 
rat or human macrophages were exposed to 
25 µg/mL volcanic ash for 2 hr and primed 
with 10 ng/mL lipopolysaccharide (LPS; LIST 
Biological Laboratories, Campbell, CA, USA) 
for 1 hr. Cells were then exposed to PAO1 
[2.5 × 106 colony forming units (CFU)]. At 
either 20 min or 110 min, cells were washed 
with 4 × Hanks’ balanced salt solution and 
harvested. Cells were lysed in ice-cold dou­
ble-distilled water, samples were plated, and 
PAO1 CFUs were counted by visual inspec­
tion using a colony counter. To determine the 
effect of bacterial phagocytosis (at 20 min) and 
bacterial killing (at 110 min), we compared 
the number of PAO1 CFUs in ash-exposed 
macrophages with those of controls. 

Antimicrobial peptide activity. PAO1, 
grown overnight in M9 media, was subcultured 
and diluted in M9 media to an OD600 of 0.45. 

The culture was then diluted 1/1,000, and a 
10‑µL aliquot was used for each experiment. A 
cocktail of antimicrobial peptides (600 µg/mL  
lysozyme, 200 µg/mL lactoferrin, and 100 
ng/mL β-defensins 1 and 2) in sodium 
phosphate buffer (NaPi), pH 7.8 (a total of 
400 µL) was added to a 96 deep-well plate. 
Volcanic ash (10 µg/mL), FeCl3 (10 µg/mL;  
positive control), Al2O3 (10 µg/mL), or media 
alone (control) was added to the plates con­
taining antimicrobial peptides and PAO1, and 
the mixture was incubated for 1 hr at 37°C 
and 300 rpm. Luria broth (25%) was added to 
the mixture and grown overnight. The OD600 
was measured to determine the level of anti­
microbial peptide activity. To determine the 
number of CFUs, we conducted the experi­
ment as described above, except the cultures 
were serially diluted and plated on Luria 
broth agar plates at the beginning and end of 
the experiment. 

Statistical analysis. We used the unpaired 
Student’s t-test and one-way analysis of 
variance to determine significance between 
experimental groups. Data are presented as 
mean  ±  SE. Data analysis was performed 
using GraphPad Prism 5.00 (GraphPad 
Software, San Diego, CA, USA).

Results
Characterization of volcanic ash. Ash B was 
used to characterize the volcanic ash from the 
Eyjafjallajökull eruption. SEM images of vol­
canic ash particles sieved through a < 20‑µm 
sieve [see Supplemental Material, Figure S1A 
(http://dx.doi.org/10.1289/ehp.1206004)] 
show a distribution of particle sizes of two 
distinct fractions, 20 µm and < 2 µm. XPS 
analysis to determine the surface elemental 
composition of ash particles (see Supplemental 
Material, Table S1) indicated that volcanic 
ash is composed of alumosilicates with detect­
able concentrations of biologically relevant 
metals such as Fe. Metals, such as Fe and 
titanium, were present in localized areas (see 
Supplemental Material, Figure S1B). We per­
formed ICP-MS to analyze elemental concen­
trations (in milligrams per killigram ash) in 
both the unsieved ash sample and the < 20‑µm 
sieved fraction (see Supplemental Material, 
Table S2). Results of our ICP-MS composi­
tional analyses of three separate unsieved ash 
samples are in excellent agreement with mean 
values reported previously (Borisova et  al. 
2012; Sigmarsson et al. 2011). Leaching exper­
iments were also performed to better under­
stand the propensity of the Icelandic volcanic 
ash toward dissolution in aqueous environ­
ments. Leaching the bulk ash in water released 
Fe at about 2 mg/kg ash, and leaching the bulk 
ash in weak acid released about 33 mg/kg ash. 
However, leaching the < 20‑µm fraction in 
weak acid released Fe at 900 mg/kg ash (see 
Supplemental Material, Table S2). 
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Interaction of volcanic ash with epithelial 
cells and macrophages. In rat alveolar epithe­
lial cells exposed to volcanic ash in culture, 
we observed ash particles on the cell surface 
(Figure 1A). In human alveolar macrophages 
exposed to volcanic ash, ash particles adhered 
to the surface (Figure 1B) or were internalized 
by alveolar macrophages and vesicles within 
the cell (Figure 1C). STEM/EDS elemen­
tal analysis of particles inside alveolar macro­
phages showed that these particles were rich 
in elements typical of those in volcanic ash 
(Figure 1D). 

Effects of volcanic ash on cell function. 
Autophagy is an important cellular homeostatic 
mechanism that clears particulates, protein 
aggregates, old and damaged mitochondria, 
and cytosolic bacteria (Gutierrez et al. 2004; 
Monick et al. 2010). Thus, we examined the 
effect of ash on homeostatic mechanisms 
(autophagic vesicles and clearance of ubiquitin-
tagged proteins) in human alveolar macro­
phages exposed to volcanic ash (batch A, B, 
or C; 20 µg/cm2) using Western blot analysis. 
Figure 2A shows increased levels of LC3-II 
with each ash exposure, suggesting that ash 

either increases generation of autophagosomes 
or blocks progression of autophagosomes to 
fuse with lysosomes. To determine which of 
these was occurring, we analyzed total ubiquitin 
levels by Western blot analysis. We observed an 
accumulation of ubiquitin-conjugated proteins 
in ash-exposed cells (Figure 2B), suggesting that 
ash exposure may interfere with autophagy in 
human alveolar macrophages.

All three MAP kinase pathways (ERK, 
JNK, and p38) are required for optimal cyto­
kine responses in these cells (Carter et  al. 
1999a, 1999b; Monick et al. 1999). Therefore, 
we measured activation of MAP kinase path­
ways and cytokine production after LPS expo­
sure to examine the effect of ash exposure on 
inflammatory pathways. Figure  2C shows 
LPS-induced activation of ERK, p38, and JNK 
(indicated by an increase in phosphorylation 
of the activated tyrosine and threonine sites) 
that was inhibited by ash exposure. Ash expo­
sure led to decreased activation of JNK and 
ERK by LPS but had no effect on p38 activity. 
Because LPS-induced ERK and JNK activ­
ity was inhibited, we tested the effect of ash 
exposure on TNFα mRNA expression after 
LPS. Figure 2D shows decreased production 
of TNFα mRNA by LPS in human alveolar 
macrophages exposed to ash. 

We examined whether volcanic ash 
impairs the ability of macrophages to kill bac­
teria. When we tested phagocytosis of bacteria 
after a preincubation with ash, we found no 
difference in bacterial uptake between con­
trol and ash-exposed rat alveolar macrophages 
(Figure 2E). In the bacterial killing assay, 
we observed a trend toward fewer bacteria 
in the ash-exposed cells than in the control 
cells (p = 0.07) (Figure 2F). This result was 
concentration dependent: Exposure of macro­
phages to ash at 5 µg/cm2 impaired the cells’ 
ability to kill bacteria, whereas the response to 
a concentration of 2 µg/cm2 was no different 
from controls (data not shown). 

We examined whether volcanic ash would 
induce cell death (propidium iodide or trypan 
blue exclusion) or epithelial barrier disruption 
(transepithelial electrical resistance) in human 
or rat epithelial cells. Volcanic ash did not 
induce cell death in either rat or human epi­
thelial cells (Figure 3). Although particulate 
matter has been reported to induce disrup­
tion of epithelial barrier integrity (Caraballo 
et al. 2011b; Petecchia et al. 2009; Slebos 
et al. 2007; Soberanes et al. 2009; Upadhyay 
et al. 2003), we observed that epithelial cell 
barrier integrity was preserved in the pres­
ence of volcanic ash in both rat and human 
cells (Figure 3). Our results indicate that 
Eyjafjallajökull volcanic ash does not induce 
alveolar epithelial injury, even at high con­
centrations. This is different from studies in 
our laboratory on other particulates, in which 
both ambient air particles and diesel exhaust 

Figure 1. SEM of airway epithelial cells and alveolar macrophages exposed to volcanic ash for 3 hr. 
(A) Images of rat alveolar epithelial cells exposed to 20 µg/cm2 volcanic ash (left and right) or to standard 
media alone (control; center); white arrows point to microvilli on cells. (B) Images (left) showing internal-
ized volcanic ash in human alveolar macrophages exposed to 20 µg/cm2 volcanic ash; the indicated areas 
are shown at a higher magnification (right). TEM (C) and STEM/HAADF and EDS (D) analysis of human 
alveolar macrophages exposed to volcanic ash (2 µg/cm2). (C) Representative TEM image, with the circled 
area shown at a higher magnification (right); note the ash particles (black arrow) inside vesicles in the 
cytosol. (D) Representative STEM/HAADF image (left), with the indicated area shown at a higher magni-
fication (inset); elemental analysis by EDS (right) shows elements found in particles, which are typical for 
those of volcanic ash. Asterisks indicate osmium peaks from thin-section staining. 
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particles were found to increase transepithelial 
conductance (Caraballo et al. 2011b, 2012). 

The effect of volcanic ash on bacterial 
growth and killing capacity of antimicrobial 
peptides. We examined whether volca‑
nic ash increased bacteria growth by adding 
3 µg of sieved volcanic ash particles to 3‑hr 
subcultured PAO1 (104). Volcanic ash can 
release readily soluble Fe into the environment 
(Olgun et  al. 2011), and the volcanic ash 
from Eyjafjallajökull is rich in Fe (~ 75,000  
mg/kg ash) [see Supplemental Material, 
Table  S2 (http://dx.doi.org/10.1289/
ehp.1206004)].Therefore, we used FeCl3 
(25 µm), a soluble Fe source, as a positive 
control. As shown in Figure 4A, bacterial 
growth was significantly increased after ash 
exposure compared with the control and the 
Fe-deficient Al2O3 (p < 0.0001). This result 
suggests that volcanic ash can be a bioavailable 
source of Fe for PAO1 growth.

In the lungs, antimicrobial peptides are 
located in airway surface liquid (ASL), which 
primarily contains lactoferrin, lysozyme, and 
β‑defensins 1  and 2. Lysozyme degrades 
the bacterial cell wall, β‑defensins have 
broad antibacterial activity, and lactoferrin 
sequesters Fe and inhibits microbial respira‑
tion (Borcherding et al. 2013; Wiesner and 

Figure 3. Electrical resistance and viability of rat alveolar epithelial cells (A) and human airway epithelial 
cells (B) exposed to 10, 50, or 100 µg/cm2 of sieved volcanic ash. Cell death evaluated by propidium iodide 
staining or trypan blue exclusion is shown for control cells and ash-exposed (100 µg/cm2) cells (n = 3 in 
triplicate for rat cells; n = 2 in triplicate for human cells). Transepithelial conductance (Gt) is shown for 
control and ash-exposed (10 and 50 µg/cm2) cells (n = 3 in triplicate for both cell types). Data represent 
mean ± SE. Neither cell death nor Gt was significantly increased by ash exposure in either cell type. 
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Figure 2. Effects of volcanic ash exposure on macrophage function. (A,B) Results of Western blot analysis of whole-cell proteins from human alveolar macro
phages cultured for 5 hr with media alone (control) or with ash (20 µg/cm2) from batch A, B, or C. (A) LC3‑II levels indicate an accumulation of autophagosomes. 
(B) Increased ubiquitin (Ub) conjugates are present at all molecular weights. (C) Western blot analysis of human alveolar macrophages exposed to ash (batch B; 
20 µg/cm2) for 30 min and then to LPS (100 ng/mL) for 30 min; Phosphorylated (activated) MAP kinases decrease in LPS activation with ash exposure. Ash expo-
sure reduced LPS activation of phospho-ERK, phospho-JNK, and phospho-p38. For (A–C), blots shown are representative of three experiments. (D) Real-time 
RT-PCR analysis showing TNFα mRNA in human alveolar macrophages exposed to ash (20 µg/cm2) for 30 min and then exposed to LPS (100 ng/mL) for 3 hr; 
data represent mean ± SE of three experiments. (E,F) Phagocytosis (E) and bacterial killing (F) in rat alveolar macrophages exposed to media alone (control) or 
to 25 µg/mL ash for 2 hr, primed with 10 ng/mL LPS for 1 hr, and then exposed to PAO1 (2.5 × 106 CFU) for 20 min (phagocytosis) or 110 min (bacterial killing); data 
shown are mean ± SE of four experiments in triplicate. (E) Phagocytosis was similar in control and ash-exposed macrophages. (F) Bacterial killing was inhibited in 
ash-exposed macrophages, although not statistically significantly (p = 0.07). 
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Vilcinskas 2010). To test whether volcanic 
ash inhibits antimicrobial peptide activity, we 
combined physiologically relevant concentra­
tions of antimicrobial peptides with volca­
nic ash (3 µg ash per 104 PAO1) or FeCl3 
and observed the effect on PAO1 growth 
(Figure 4B). In the presence of antimicrobial 
peptides, PAO1 did not grow (Figure 4C), 
indicating killing of bacteria by the anti­
microbial peptide cocktail. However, when 
ash was added, the inhibitory effect of anti­
microbial peptides on PAO1 growth was com­
promised (Figure 4C; p ≤ 0.0001). Thus, in 
this experiment, volcanic ash inhibited anti­
microbial peptide activity.

Discussion
Approximately 10% of the world population 
lives within 100 km of historically active volca­
nos. Of all the potential hazards of an eruption, 
ash may have the widest impact on human 
health. This is because volcanic ash is respirable, 
can be transported to distal sites by the wind, 
and can remain in the environment for long 
periods of time. Although eruptions are often 
short-lived, ash fall deposits can remain in the 
local environment for years to decades, being 
remobilized by human activity or simply resus­
pended by wind (Hansell et al. 2006).

Populations exposed to volcanic air pol­
lution have been reported to have increased 
prevalence and incidence of upper and lower 
respiratory tract infections (Amaral and 
Rodrigues 2007; Longo and Yang 2008; 
Naumova et al. 2007). The Mount St. Helens 
eruption was one of the most studied erup­
tions in terms of potential health effects of 
volcanic activity. During the 2 weeks after 
the eruption, emergency room visits increased 
significantly in affected areas. The major rea­
sons for emergency room visits were upper 
respiratory infections and otitis (Bernstein 
et  al. 1986). Grose et  al. (1985) reported 
that intratracheal instillation of both fine and 
coarse Mount St. Helens volcanic ash caused 

small but a significant increases in susceptibil­
ity of mice to streptococcal infections when 
the ash was instilled 24 hr before bacterial 
challenge. In a recent study, Carlsen et al. 
(2012) reported that Icelanders exposed to 
Eyjafjallajökull volcanic ash had increase prev­
alence of respiratory symptoms; however, the 
effects of volcanic ash on bacterial growth and 
innate immunity were not established.

Immediately after the Icelandic erup­
tion, peak particulate concentrations were 
as high as 13 mg/m3, and after the eruption 
ceased, measurements were near 1 mg/m3  
(Thorsteinsson 2012). Taking these two 
concentrations and assuming a minute ven­
tilation of 6 L/min (~ 8.6 m3 over 24 hr) 
for a healthy adult at rest, the total dose 
inhaled over 24  hr would be 111.8  mg 
for the peak particulate concentration 
(13 mg/m3) and 8.6 mg for the 1‑mg/m3  
concentration. However, because it is diffi­
cult to predict whether an exposed individual 
may have used a nasal or oral–nasal breath­
ing pattern and to predict the size distribu­
tion of particulates inhaled, it is safe to assume 
that only 50% of inhaled particles would be 
deposited in the lung. Assuming that the sur­
face area of a human airway is 4,430 cm2, in 

the first day a healthy subject would accumu­
late particulates at approximately 126 µg/cm2 
during the peak concentration and approxi­
mately 1 µg/cm2 when exposed to 1 mg/m3. 
In our experiments with airway epithelial cells, 
we used ash concentrations of 10, 50, and 
100 µg/cm2. Therefore, the concentrations we 
used are within the range of potential human 
exposure concentrations on the days after the 
eruption. Ash collected immediately after the 
eruption contained up to 25% respirable par­
ticles (< 10 µm, the size of particles that reach 
the lung) (Gudmundsson 2011). Most of our 
experiments were performed with volcanic 
ash closer to the respirable particle fraction 
(< 20 µm).

Macrophage function is impaired by 
exposure to volcanic ash; that is, bactericidal 
activity is impaired but phagocytosis is not. 
It is likely that the ash overwhelms the capac­
ity of macrophages to kill bacteria. At lower 
concentrations, ash inhibited antimicrobial 
peptide activity, thus impairing bactericidal 
and bacteriostatic activity of the airway. 
Because metal content is abundant in vol­
canic ash as well as in fly ash, our findings 
have implications for studies on the effects of 
fly ash and innate immunity. For example, 

Figure 4. Effect of volcanic ash on bacterial growth and on bacterial killing by antimicrobial peptides (AMPs). (A) Growth of PAO1 after 9 hr incubation with 
media alone (control), FeCl3 (10 µg/mL; positive control), ash (10 µg/mL), or Al2O3 (control for particle effects; 10 µg/mL) as measured at OD600. PAO1 growth was 
increased after ash exposure compared with the control. (B) Schematic of the AMP activity assay. (C) Results of the AMP activity assay showing the bacterial 
killing capacity as determined by OD600 measurement. For (A) and (C), n = 3 in triplicate. 
*p < 0.0001 compared with the control by Student’s t-test. **p < 0.0001 compared with FeCl3 by Student’s t-test. 

0 2 4 6 8 10
0.0

0.2

0.4

0.6

0.8

1.0

FeCl3

*

*

Culture time (hr)

PA
O

1 
(O

D
60

0)

PA
O

1 
(O

D
60

0)

0.25

0.20

0.15

0.10

0.05

0.00

AMPs + NaPi 
+ Ash
+ PAO1 

Luria
broth

0 hr 1 hr

37°C

18 hr

37°C

OD600

Control

**
**

Ash

Without AMPs
With AMPs

Control
FeCI3
Ash
AI2O3

Figure 5. Diagram showing effects of Eyjafjallajökull volcanic ash on the innate immune system and on 
bacterial growth. 

Eyjafjallajökull volcano

Volcanic ash

Airway epithelium

No overt changes

Alveolar macrophages Antimicrobial peptides PAO1

Increased growthInternalization Decreased activity

Impaired intracellular  
clearance

Decreased
LPS response

Decreased 
bacterial killing

Impaired pathogen responses 



Volcanic ash impairs innate immunity

Environmental Health Perspectives  •  volume 121 | number 6 | June 2013	 697

Roberts et al. (2009) examined the effect of 
the soluble metal fraction of residual oil fly 
ash on immunity to Listeria monocytogenes. 
They found a link between nickel from fly ash 
and reduced lung immunity in a rat model 
(Roberts et al. 2009). In addition, Klein-Patel 
et al. (2006) showed that residual oil fly ash 
inhibits β‑defensin gene expression in bovine 
and human lung epithelial cell lines. 

The physicochemical characteristics of vol­ 
canic particulate matter will determine some 
health effects associated with exposures to ash 
from volcanic eruptions. In general, volcanic 
and other forms of particulates, such as coal fly 
ash and urban particulates, contain a number 
of metals, including Fe. Of the total Fe in vol­ 
canic ash, Fe3+ comprises only 10–15%, with 
the remainder being mainly Fe2+. Although 
Fe is predominantly in the Fe2+ oxidation 
state in volcanic materials (most likely in the 
form of silicate glasses, silicate minerals, and 
Fe–titanium oxides), it will be oxidized as it is 
released into the atmosphere; thus, the Fe will 
be present in the Fe3+ oxidation state in the 
leachates (Kelley and Cottrell 2009). Because 
free Fe levels are very low in biological fluids 
(< 10–18 M) (Bullen et al. 2005), particulates 
can be an exogenous Fe source for bacteria. 
Furthermore, Fe mobilization in coal fly ash 
is associated with aluminosilicate glass phases 
(Veranth et al. 2000), particle size (Chen et al. 
2012), and Fe speciation (Fu et al. 2012). 
Therefore, knowledge of the total Fe content 
is not enough to explain or predict the propen­ 
sity of Fe solubility in Fe-containing particles 
such as volcanic ash. 

Conclusions 
Results of this study suggest that exposure to 
respirable volcanic ash may increase the likeli­ 
hood of developing bacterial infections via 
effects on both the bacteria and on the innate 
immune system (Figure 5). Our in vitro experi­ 
ments showed that alveolar macrophage func­ 
tion and antibacterial peptide activity were 
compromised after exposure to ash from 
the Eyjafjallajökull volcano. In addition, we 
observed increased growth of volcanic ash– 
exposed P. aeruginosa. We suggest that these 
data provide a new mechanistic paradigm for 
the adverse effects of volcanic ash exposure on 
respiratory health. 
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